) with related processes that silence duplicated genes in fungi (Cogoni et al., 1996) . and James A. Birchler † Division of Biological Sciences
Introduction

Transgenic Cosuppression during Development
With the advent of techniques to reintroduce DNA into A chimeric white promoter-Adh reporter gene conthe genomes of multicellular eukaryotes, several astaining a 2.5 kb 5Ј white DNA fragment including the pects of gene expression were unexpectedly discovknown eye enhancer sequences with 1.9 kb of the Adh ered. One involves the effect of insertional position, structural gene ( Figure 1A ) was introduced into embryos which modifies transgene expression quite dramatically of an Adh fn6 cn; ry 506 strain (null for Adh and rosy, the (Spradling and Rubin, 1983; Hazelrigg et al., 1984 ). Antransformation marker) by P element transformation. other type of effect is gene silencing in which transgenes Two different transformant lines were recovered and interact with themselves (Dorer and Henikoff, 1994) or described previously (Rabinow et al., 1991) . These conthe endogenous copies to become inactive (Jorgensen, structs were genetically mobilized into three new loca-1995).
tions using the Drosophila delta 2-3 transposase strain One form of gene silencing involves an unusual reduc- (Robertson et al., 1988) . As expected from the previous tion in gene expression referred to as cosuppression or studies with the original two, each of the three new sense suppression resulting from interactions between transformant lines displayed a pattern of Adh expression transformed homologous genes (for reviews see Jorthat is less than that of the endogenous Adh gene, begensen, 1995; Matzke and Matzke, 1995;  Baulcombe cause the normal white RNA level is much lower than and English, 1996) . A transgene can inactivate the norAdh. The transcript level of equal numbers of insertions mal gene or another transgene of the same type in differis always greater in males than females. Three transent genomic locations by mechanisms that are probably formant lines, located on different chromosomes, X, 2, diverse (Jorgensen, 1995; Matzke and Matzke, 1995;  and 3, were selected for further study. Their cytological Baulcombe and English, 1996; Metzlaff et al., 1997) . We locations were visualized in salivary gland chromouse the term ''cosuppression'' in a broad sense, as desomes of larvae by in situ hybridization. These are desigfined by Jorgensen (1995) , to refer to the phenomenon nated w-Adh#1 at the 5A region, w-Adh#2 at 52A, and in which dispersed homologous genes are suppressed w-Adh#3 at 85D. In each line, when one copy of the in their expression. Cosuppression is thought to inw-Adh gene was present in the Adh fn6 null background, volve a trans-interaction between duplicated genes deAdh transcripts were readily expressed as shown by pending on their homology (Matzke and Matzke, 1995) .
quantitative Northern analysis ( Figure 1B , lanes a, g-j, However, homology alone is not sufficient for cosupand m). In contrast, homozygotes of each insert (i.e., pression to occur, since many transgenes do not protwo copies in the same location) exhibited reduced duce this effect. Such phenomena were previously rerather than doubled expression as expected from a gene ported to occur only in plants (Jorgensen, 1995; Matzke dosage effect (Figure 1B, lanes b-d) . This configuration can be compared with two copies, each hemizygous, 
All w-Adh constructs are in the Adh fn6 cn; ry 506 background. (C) Quantitative assay and Northern analysis of flies carrying one to four white transgenes (Hazelrigg et al., 1984) . Shaded bars represent females and open bars represent males. (D) Northern analysis of female flies carrying 1-10 copies of full-length Adh transgene constructs (Laurie and Stam, 1994). progeny. The results reveal that when two copies of the of flies generated by reciprocal crosses (w-Adh#1 females ϫ w-Adh#3 males and w-Adh#1 males ϫ construct are present in different locations, one on the X and the other on an autosome or on two different w-Adh#3 females) ( Figure 1B , lanes k, l, m, and n). It should also be noted that the expression of two copies autosomes (w-Adh#1/ϩ; w-Adh#3/ϩ; or w-Adh#2/ϩ; w-Adh#3/ϩ), the amount of Adh transcripts also shows in disperse locations is always higher than any one homozygous insert. a considerable reduction from the expected dosage effect. The abundance of Adh transcripts in these two
To test whether this unusual expression pattern of w-Adh transgenes either in the same or different locadose flies is either equal to or less than a single copy in either position ( Figure 1B , lanes k, l, and n). This tions was developmentally affected, the w-Adh transcript levels were examined using the same classes of reduction of Adh transcripts is similar in the two sets larvae and adults ( Figure 1B ). The Northern profile in males is greater than in females with equal dosage. The sexual dimorphism of Adh expression is present in each larvae reflects a close resemblance to that of adults, suggesting that the phenomenon of cosuppression, afdose and even persisted in the individuals with five copies ( Figure 2A ). These results indicate that the mechafecting the expression of the w-Adh gene, is not sensitive to the developmental stage.
nisms involved with the sexually dimorphic expression and cosuppression of Adh are not related. The above described analyses involved Northern Excess Adh or white Transgenes comparisons which can not distinguish the transgene To establish whether this cosuppression was specific RNA from that of the Adh fn6 allele present in the recipient for w-Adh, or a more general phenomenon, we constrain. Previous work indicates that the Adh fn6 allele has structed two series of transgene stocks using wild-type a mutant splice site sequence containing 4 base pair Adh F or white ϩ transformant lines (Laurie and Stam, (bp) changes and a 6 bp deletion (Benyajati et al., 1982; Hazelrigg et al., 1984) . Both Adh and white frag- Corbin and Maniatis, 1989) . The presence of the mutaments in the constructs are sufficient for the normal tion near the 3Ј splice site in the first intron results in expression of Adh and white. The white and Adh RNA an improper splicing of Adh fn6 transcripts. The Adh fn6 isolated from single constructs inserted at different locamutation produces very low levels of RNA (5-10% of tions is normally expressed. A Northern analysis of total total endogenous product), which is about 50 bp larger cellular RNA of normal male and female individuals bearthan normal (Benyajati et al., 1982) . We used a quantitaing one to four copies of the full-length white ϩ gene tive RNAase protection assay with a selective probe to ( Figure 1C ) or one to ten copies of Adh F ( Figure 1D ) estimate the reduction of Adh mRNA produced by showed that to a certain limit, the RNAs are accumulated w-Adh copies independent of Adh fn6 . The normal splicing in a dosage-sensitive manner (one to five copies for Adh pattern gives rise to two protected fragments (160 and RNA and one to four copies for white; Figures 1C and 142 bp) for w-Adh transcripts (Laurie and Stam, 1994) , 1D). However, the data indicate that maximal accumulawhereas the Adh fn6 mutant RNA protects only a 355 bp tion of Adh was found in five dose individuals. In the fragment due to defective splicing of the first intron higher doses tested (six to ten), Adh expression was ( Figure 2B ). As a gel loading control, a 70 bp fragment, reduced, suggesting that cosuppression of full-length complementary to the ␤-tubulin EcoRI-Sau3A fragment Adh transgenes also occurs but requires much higher (Bialogan et al., 1985) , was protected by simultaneous dosage ( Figure 1D ). This result demonstrates that coinclusion in the same reaction ( Figure 2C ). The results suppression is not restricted to the hybrid construct.
reveal that the protected fragments for transgene as well as endogenous Adh fn6 transcripts are gradually reSuppression Is Proportional to Transgene Dosage duced in the presence of an increasing number of w-Adh To test the effect of further increased transgene dosage, fusion genes ( Figure 2C ; Table 1A ). However, the amount combinations of insertions were examined. All of the of protected ␤-tubulin transcripts is nearly equal in each selected w-Adh lines show a nearly equal ADH level, lane. Similar to the Northern analysis, the reduction is which suggests that these insertional sites have negligimaximal for both endogenous Adh fn6 and transgenic ble positional impact on Adh expression. Stocks with products in the presence of the highest number of pairs of inserts and all three together were produced. transgenes, i.e., six copies ( Figure 2C , lane k). The only By using lines with multiple constructs, and the progeny difference is that increasing the number from one to two of crosses among them, a higher dosage series was w-Adh copies did not produce any significant differgenerated. We estimated the steady-state levels of Adh ences in Adh fn6 transcript levels. These findings suggest mRNA by Northern hybridization from different adult that both endogenous and transgene products respond progenies carrying one to six copies of the w-Adh in the same manner to the increasing number of w-Adh transgene (Figure 2A) . When two or more copies of this copies. construct were present in the genome, the level of transcript was significantly reduced from the expected dosage effect. The accumulation of Adh transcripts in the Transgene Dosage and Endogenous Suppression In plants, cosuppression involves an interaction bethree different sets of females carrying three copies of the transgenes, w-Adh#1/ϩ; ϩ/ϩ; w-Adh#3/w-Adh#3, tween a transgene and an endogenous gene or multiple transgenes (see review by Jorgensen, 1995; Matzke and w-Adh#1/w-Adh#1; ϩ/ϩ; w-Adh#3/ϩ, and w-Adh#1/ϩ; w-Adh#2/ϩ; w-Adh#3/ϩ (Figure 2A , lanes G, H, and M), Matzke, 1995; Cogoni et al., 1996) . To test the effect of transgene dosage on endogenous wild-type Adh trangenerated from different crosses, was significantly reduced compared with the females with a single copy scripts as opposed to the endogenous Adh fn6 allele described above, we generated Drosophila stocks that (lanes D and K). The amount of Adh transcripts is reduced further in females that are homozygous for two bear zero to four copies of the w-Adh transgene and a single copy of an Adh ϩ endogenous gene. Because the inserts (w-Adh#1/w-Adh#1; w-Adh#3/w-Adh#3; Figure  2A , lane J). A proportional reduction is also found in five normal Adh gene is expressed at a much higher level overall than the w-Adh transgene, most of the total Adh and six copies (Figure 2A , lanes O-Q) that are produced by a combination of the three insertions. The reduction mRNA is contributed by the endogenous copy in these comparisons. While all flies carrying one transgene and is greatest in the six-copy females, the highest number tested. Thus, addition of more copies leads to a proporone normal endogenous gene were additive for RNA level as determined by Northern analysis ( Figure 3A , tional decrease of the transgene products.
As noted above, the amount of Adh transcripts in lanes c-f), the flies that carry two copies of the transgene exhibit a sharp reduction of their total Adh mRNA (Figure in one to five copies of w-Adh males compared with equal doses in females in both developmental stages 3A, lanes g, h, and k-m). Thus, two copies of the w-Adh transgene are required to cause the system to shift to examined.
To separate the endogenous steady-state Adh mRNA cosuppression of the endogenous gene. This result suggests that like the transgene, the endogenous Adh is from the transgene mRNA, which comigrate in Northern analysis, we also performed RNAase protection analysis highly sensitive to gene dosage. When more transgene copies are introduced into the heterozygous Adh ϩ /Adh fn6 with a probe (SB) that can distinguish these two transcripts, as illustrated in Figure 3B . The SB probe concn; ry 506 flies, the reduction of Adh mRNA is more extreme and follows the same trend as found with the tains a SalI-BamHI Adh fragment for generating antisense RNA (Laurie and Stam, 1994) . Previous studies transgene. The reduction is greatest in flies that carry four copies of the w-Adh construct, the highest number demonstrated that the expression pattern of normal Adh is developmentally regulated by two tandem promoters. examined ( Figure 3A , lanes p and q).
Introduction of w-Adh copies proportionately reduces The distally promoted transcripts are predominant in adult tissues, whereas the proximally promoted ones Adh transcript levels in both sexes. However, males always have a higher expression than females at any are abundant in larvae. Use of the SB probe allows the distinction of a 90 bp fragment, protected by the one dose. More accumulation of Adh transcripts occurs endogenous Adh RNA produced by the distal promoter, color genes are present in females and their dosage compensated single counterpart present in males. The but this is absent in the transgene. The 137 and 322 bp fragments contain a mixture of both transgene and increase of w-Adh transgene copies progressively added more white promoters but not the structural seendogenous gene products ( Figure 3C ).
The expression of the endogenous Adh gene was quences within the genome (six copies of the w-Adh transgene in females equals eight white promoters). The unchanged in the presence of one copy of the transgene. However, reduction in the level of the 90 bp protected profile of Northern hybridization using a white probe revealed that white is equally expressed in all the genofragment is proportionally related to the progressive increase of the transgene dosage beyond one copy. The types (data not shown), suggesting that cosuppression is not operating on the white gene under these circumoverall endogenous RNA message was reduced 2-to 5-fold when two to four copies of the transgenes were stances. introduced within the genome ( Figure 3C ; Table 1B , lanes f-n). Figure 4A . Flies with the Adh fn6 internal tissues in w-Adh adults, enzyme was detected in the testes, Malpighian tubules, and hindgut. allele can survive only to a maximum of 7% alcohol (series 1), whereas those with one functional copy of
Alcohol Sensitivity and Cosuppression
The expression of w-Adh is found in several tissues where the level of normal Adh is very low, for example the Adh gene can survive at the 17% alcohol level (series 2). Wild-type flies with two functional Adh ϩ genes can Malpighian tubules of larvae and accessory genital glands and testes of adults. The expression of the w-Adh tolerate 20% alcohol ( Figure 4A, series 4) . To test whether the repressed activity of the endogenous Adh transgene in the fat body is low compared with the high expression found in Canton S. These findings suggest gene is reflected in alcohol sensitivity, we also examined flies carrying three copies of w-Adh and one copy of the that the tissue distribution pattern of the transgene is different from the endogenous gene. As predicted by endogenous Adh gene for survival rate with increasing alcohol in the culture medium. It was found that the the RNA data, the ADH staining is greater in transgene hemizygotes than homozygotes. survival curve was intermediate between that of the null and the fully functional Adh ϩ copy ( Figure 4A , series 3), Inclusion of transgene copies within the genome together with the endogenous Adh gene ( Figure 4B ) results suggesting a reduced expression of the endogenous Adh gene with the presence of the w-Adh transgenes.
in reduced intensity of ADH staining in all tissues. These findings indicate that the reduction of the ADH endogenous product due to the presence of two to three copies Tissue Specificity and Cosuppression ADH activity was visualized in individual tissues of transof the w-Adh transgene occurs in basically all cells despite the differences in tissue expression. formant larvae by an ADH histochemical stain (Ursprung et al., 1970) . The activity of each w-Adh transformant line was compared with the wild-type Adh strain and
Transvection and Cosuppression
The fact that homozygotes of the transgene show less the recipient, Adh fn6 cn; ry 506 by examination of the dark blue staining intensity. In Canton S, ADH is deposited expression than hemizygotes suggested a relationship to the phenomenon of transvection. Transvection results at high levels in the fat body, gut, and Malpighian tubules. In w-Adh transformants, ADH activity was dein an altered gene expression due to allelic pairing. The white locus is known to exhibit this phenomenon in two tected in the fat body, Malpighian tubules, anterior midgut, middle midgut, hindgut, and hepatic caeca of larvae respects. First, the recessive gain-of-function mutation zeste-1 represses white expression when two copies are present in the genome in such a way that they can pair (Jack and Judd, 1979) . Second, certain alleles of white exhibit a partial complementation, if pairing is possible (Green, 1959) . When mutations in the eye enhancer are heterozygous with other white mutations with lesions in the structural part of the gene, including complete phenotypic nulls, a greater level of pigment is present in the heterozygote compared with the enhancer mutant homozygotes. This complementation is eliminated in the presence of a loss-of-function allele of zeste, called zeste-a (z a ) (Babu and Bhat, 1980) . The z a alleles also eliminate pairing-dependent complementation at bithorax (Kaufman et al., 1973) and decapentaplegic (Gelbart et al., 1985) . If the normal allele of zeste present in the w-Adh stocks is mediating the lowered expression of homozygous constructs compared with hemizygous copies or even cosuppression in general, then a loss-of-function allele should eliminate this effect. For this reason, we chose to test whether z a would eliminate the lowered expression that occurs when the w-Adh transgenes are homozygous.
To examine this issue, we constructed two stocks. One was homozygous for z a on the X chromosome together with w-Adh#2 and w-Adh#3, homozygous on chromosomes 2 and 3, respectively. The second stock was z a ; Adh fn6 cn; ry
506
. By crossing the two stocks together, we could produce progeny that would allow us to compare two hemizygous copies of w-Adh to four copies in the homozygous stock, all in a z a background. If transvection as mediated by zeste is related to cosuppression, one would predict that the transgene silencing would be eliminated in a z a background such that the four copies of w-Adh would produce twice as much RNA as two copies. If cosuppression of these constructs is unrelated to zeste action, then the four copies (two paired sites) would have a lower expression than the two copies in unpaired sites just as occurs in a z ϩ background. The latter result was found ( Figure 5A ), suggesting that this case of cosuppression is unrelated to zeste-dependent transvection. While zeste-a eliminates transvection at several loci, it does not affect somatic pairing of homologs as typically occurs in Drosophila, allowing perhaps other mechanisms of homology recognition to be more effective between alleles as opposed to dispersed inserts. Pc-G genes, which have been implicated in maintenance of repressed states in other processes. To test whether cosuppression is affected by the Pc-G genes, we next generated Adh fn6 cn; ry 506 /Adh ϩ and w-Adh#1; w-Adh#2 Adh fn6 /Adh ϩ ; w-Adh#3/ϩ progenies that were segregating for the Polycomb (Pc) or Polycomblike (Pcl) mutations. Total celluar RNAs were prepared from these flies and hybridized with the Adh probe in Northern analysis ( Figures 5B and 5C) . The results show that in the presence of the Pc mutation, Adh expression is not altered in Adh fn6 cn; ry 506 /Adh ϩ flies relative to their controls. However, with the inclusion of three w-Adh transgene copies in the same flies, Adh RNA accumulation is 49% more in males and 37% more in females carrying the Pc mutation relative to their ϩ/ϩ brothers and sisters ( Figure 5B, lanes g-j) . A similar increment was also found when the Pcl mutation was used ( Figure 5C, lanes o-r) . The presence of only one functional copy of the Pc and Pcl genes, instead of the normal two, reduces the cosuppression effect by approximately half.
Pc Proteins Are Recruited to the w-Adh
Repressed Loci
Since the degree of cosuppression is affected by the Pc and Pcl mutations, we tested whether the Pc protein is associated with the w-Adh transgenes as well as endogenous Adh under cosuppressing conditions. Earlier studies have shown that Pc antibodies localize to several sites on the salivary gland chromosomes (Rastelli et al., 1993) . The insertion site of w-Adh#1 (5A) as well as the endogenous Adh site (35D) overlap normal Pc binding sites (Figures 6a and 6g ; Rastelli et al., 1993) , which were also found in our recipient strain. However, Pc proteins do not bind at the insertion sites of w-Adh#2 or w-Adh#3 (Figures 6c and 6e ), when only a single construct is present in the genome. In contrast, in the six-dose w-Adh stock, which exhibits strong cosuppression, we found that Pc antibodies are strongly recruited to the w-Adh#2 and w-Adh#3 insertion sites (Figures  6d and 6f) . No other additional binding sites could be detected in this strain. An identical binding pattern using polyhomeotic antibodies (data not shown) suggests that the repression of w-Adh requires a protein complex including Pc and ph proteins. The correlation between copy number and transgene from third instar larvae using confocal microscopy. The chromoexpression in Drosophila, in most cases, is positive (e.g., somes are stained with propidium iodide (red), and Pc antibodies Adh expression is nearly 2-to 5-fold reduced when two development once initiated. The involvement of the Pc-G genes in the process suggests such a mechanism. to four copies of w-Adh transgenes are introduced into the genome. An increase in w-Adh copy number and a Transgene silencing has also been suggested to result from post-transcriptional processes in some cases and proportional reduction of Adh transcript levels in Drosophila reveals a phenomenon analogous to ''homology DNA modification in others (Jorgensen, 1995; Matzke and Matzke, 1995; Depicker et al., 1996) . Indeed different dependent trans-inactivation by unlinked genes'' found in many transgenic plants (Jorgensen, 1995; Matzke and mechanisms appear to be responsible for a heterogeneous set of processes. According to the post-transcrip- Matzke, 1995) . Using three different experimental approaches, it was found that the activity of the endogetional model, the transcripts of the genes accumulate up to a sharp threshold level at which RNA degradation nous Adh gene is significantly reduced with the introduction of multiple w-Adh transgenes.
takes place (Blokland et al., 1994) . However, a single homologous transgene is not always sufficient to provoke cosuppression. In some cases, homozygosity or Cosuppression in Relation to Other two copies of a transgene are required to obtain silencAspects of Adh Expression ing (Jorgensen, 1995) , illustrating how critical the threshAdh is a developmentally expressed gene. Two alternaold level of RNA accumulation is to initiate RNA degrative transcripts are produced by tandem promoters. The dation (Jorgensen, 1995; Matzke and Matzke, 1995 ; distally promoted transcript is predominant in adults, Metzlaff et al., 1997) . There are several features of the while the proximally initiated transcript is abundant in case reported here that argue against such a mechlarvae. An equal reduction of Adh transcripts at both anism. stages implies that cosuppression is not affected by the First, the expression pattern of the w-Adh gene in differential developmental Adh expression pattern. In various tissues of two developmental stages is different addition, expression of multiple white and Adh F wildfrom the normal Adh tissue distribution. Indeed, the trantype genes is dose dependent at low copy number, script levels of the w-Adh transgene are quite low relawhereas the Adh transgene at higher levels (six to ten tive to the endogenous Adh gene. Nevertheless, there is copies) also exhibits cosuppression, although the rea possibility that a threshold-induced mechanism could duction in expression is not as consistently progressive occur, if the threshold level is achieved only by the as with w-Adh. This result indicates that cosuppression transgene transcripts (Baulcombe and English, 1996) . is not limited to the chimeric construct and that it also However, one must note that the level of Adh transcripts occurs with different types of transgenes. Apparently, decreases progressively with increased transgene dosthe chimeric w-Adh construct is more effective at the age, suggesting the absence of a threshold over which lower doses.
all RNAs are degraded. Moreover, the fact that two copThe tissue distribution pattern of the Adh and white ies present on homologous chromosomes are always genes is quite distinct from each other. Adh is normally expressed in lesser amounts than two dispersed copies expressed highly in the fat body and the gut but not in argues that the somatic pairing of homologs that occurs the testes. The white product, on the other hand, is in the former situation has an effect on the process. A deposited in the testes as well as in the eye, ocelli, and difference in response based on the probability of the Malpighian tubules, but not in the fat body and gut (Fjose transgenes to associate is not predicted by an RNA et al., 1984) . Positive ADH staining in the Malpighian threshold mechanism. tubules and adult testis of each transformant line indicates that the white regulatory region had conferred Polycomb-Group-Dependent Mechanism most of its tissue-specific pattern to the reporter Adh
The repressed nature of the w-Adh transgenes and the product. ADH staining was also detected, albeit at low maintenance of the silenced state throughout developlevel, in the fat body and gut. At the resolution afforded ment suggested an involvement of the Pc-G genes. by histochemical staining, it appears that cosuppression Accordingly, the Pc and Pcl mutations were tested as occurs in all tissues where the affected genes are exheterozygotes, and each was found to reduce the pressed. Moreover, cosuppression of both the w-Adh degree of cosuppression by approximately half. This transgenes and the endogenous Adh gene occurs deresult suggests that the silencing is dependent on the spite the fact that they are not expressed coordinately Pc-G gene products. To examine the involvement of in the same set of tissues.
Pc-G further, the cosuppressed inserts were tested for Pc-G protein association by antibody probing of polytene chromosomes. This test was possible because Mechanisms of Cosuppression One possible explanation of cosuppression is that functwo of the three studied w-Adh sites do not coincide with normal Pc binding. Under cosuppressing conditions, but tionally related genes (both transgene and endogenous copies) would share chromatin proteins that affect their not with the single constructs, these sites show labeling with anti-Pc and anti-ph antibodies. transcriptional initiation and that the sequence homology among multiple genes influences the chromatin Several Pc-G proteins have been shown to bind specific sites in salivary gland chromosomes as a part of configuration in such a manner as to inhibit gene expression (Matzke and Matzke, 1995) . Such a mechanism multimeric protein complexes (Frank et al., 1992; Rastelli et al., 1993) . None of these proteins bind to DNA directly requires association of homologous genes or their bound proteins under at least some circumstances and a to alter transcription. It has been suggested that the Polycomb response element (PRE) is the target site for means to replicate the altered chromatin state through w-Adh#3 ry 506 /MKRS daughters from the first cross were mated with complex formation (Chan et al., 1994 vided by the sense of promoter activity and locks the stock. Similar schemes were used for constructing the triple insert chromatin region in a configuration that lowers expresand other multiple copy stocks. Using these stocks and crosses sion (Chan et al., 1994; Pirrotta, 1997) .
among them, the dosage series were produced.
The white and Adh genes normally lack a PRE. A the bithorax locus (Chan et al., 1994) . Additionally, hybrid sequences at the junction in w-Adh do not generate washes was carried out as described (Schmidt et al., 1988) .
Concluding Remarks
Adh Staining Third instar larvae of different homozygous and heterozygous w-Adh
In this report, we demonstrated down-regulation of an transformants were dissected in Drosophila Ringers solution, fixed endogenous gene by an experimentally synthesized hyin 1% gluteraldehyde for 15 minutes, and stained for ADH activity brid construct in Drosophila. The available evidence for 15 minutes (Ursprung et al., 1970) .
suggests a mechanism in which homologous recognition of the transgenes initiates silencing, which is depen-RNA Isolation, Northern Transfer, and Hybridization dent upon Pc-G proteins. Interestingly, this effect is proTotal cellular RNA from whole flies and larvae was prepared, electrogressive with increasing dosage of the transgene. The phoresed, and hybridized with either Adh or white antisense RNA progressive nature and a higher copy number of trans- (Rabinow et al., 1991) . Blots were prepared in triplicate for each genes to achieve significant silencing in Drosophila difprobe. As a loading control, the blots were probed with ␤1-tubulin RNA. Quantification was performed using a Fuji 2000 Bas phosfers from most cases of cosuppression in plants and phorimager.
could possibly explain why it has not previously been recognized in animal species. Cosuppression might
RNA Protection Assay
have evolved to maintain transposable elements in a RNA transcription, hybridization, digestion, and acrylamide gel analquiescent state or to reduce viral gene expression ysis were performed as per manufacturer's instructions (Ambion) (Matzke and Matzke, 1995; Ratcliff et al., 1997) . Its preswith modifications. RNA hybrids were digested at 37ЊC for 30 minence in Drosophila suggests that it is a reflection of utes with 1:100 dilution of RNAase T1 stock solution for the DP biological processes that exist broadly among multicelprobe. The products were fractionated on 5% denaturing polyacryllular eukaryotes to silence multiple copies of a gene.
amide gels. For the SB probe, RNA hybrids were digested at 37ЊC for 30 minutes with a 1:50 dilution of RNAase T1/RNAase A mixture (Laurie and Stam, 1994) . The products were fractionated on 8% Experimental Procedures denaturing polyacrylamide gels.
Plasmid Construction and Transformation
The transgene construction and transformation has been described Immunostaining of Polytene Chromosomes previously (Rabinow et al., 1991) . A 2.5 kb HphI fragment containing Preparation of the polytene chromosomes from the salivary glands the known white cis-acting sequences, including the putative eye and the staining of the chromosomes with affinity-purified rabbit enhancer, was isolated from pm11.5. The HphI fragment is sufficient anti-Pc and anti-ph antibodies was performed as described earlier for the proper functioning of white. This fragment was ligated to a (Frank et al., 1992 ). 1.9 kb Adh fragment and placed in the pDM30 vector, which carries For confocal microscopy, Cy-5 conjugated goat anti-rabbit secthe rosy ϩ transformation marker. The pDM30-w-Adh plasmid and ondary antibody was used. The chromosomal RNAs were digested the helper pII2.57wc were used for transformation of the Adh null with a diluted RNAase treatment for 30 minutes. The slides were strain Adh fn6 cn; ry 506 . mounted with Vectashield mounting media and propidium iodide mixture and examined with a Bio-Rad 2000 confocal microscope Genetic Crosses using a 100ϫ oil lens. To generate multiple copy stocks, we employed several crossing schemes using multiple balancer stocks. Genetic mutations Acknowledgments and the chromosomal rearrangements are noted in FLYBASE (http://morgan.harvard.edu/fb.html). To produce the double insert,
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